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LeMMINGs. II. The e-MERLIN legacy survey of nearby
galaxies. The deepest radio view of the Palomar sample on
parsec scale.
11 November 2020
ABSTRACT
We present the second data release of high-resolution (6 0.2 arcsec) 1.5-GHz radio images of 177
nearby galaxies from the Palomar sample, observed with the e-MERLIN array, as part of the LeM-
MINGs (Legacy e-MERLIN Multi-band Imaging of Nearby Galaxy Sample) survey. Together with
the 103 targets of the first LeMMINGs data release, this represents a complete sample of 280 local
active (LINER and Seyfert) and inactive galaxies (Hii galaxies and Absorption Line Galaxies, ALG).
This large program is the deepest radio survey of the local Universe, &1017.6 W Hz−1, regardless of
the host and nuclear type: we detect radio emission &0.25 mJy beam−1 for 125/280 galaxies (44.6
per cent) with sizes of typically .100 pc. Of those 125, 106 targets show a core which coincides
within 1.2 arcsec with the optical nucleus. Although we observed mostly cores, around one third
of the detected galaxies features jetted morphologies. The detected radio core luminosities of the
sample range between ∼1034 and 1040 erg s−1. LINERs and Seyferts are the most luminous sources,
whereas Hii galaxies are the least. LINERs show FR I-like core-brightened radio structures while
Seyferts reveal the highest fraction of symmetric morphologies. The majority of Hii galaxies have
single radio core or complex extended structures, which probably conceal a nuclear starburst and/or
a weak active nucleus (seven of them show clear jets). ALGs, which are typically found in evolved
ellipticals, although the least numerous, exhibit on average the most luminous radio structures,
similar to LINERs.
Key words: galaxies: active – galaxies: jet – galaxies: nuclei – galaxies: star formation
– radio continuum: galaxies
1 INTRODUCTION
Observational studies support the idea of co-evolution of
supermassive black holes (SMBHs) and their host galax-
ies (e.g. Heckman & Best 2014). For example, the empir-
ical scaling relationships between black hole mass (MBH)
and both stellar velocity dispersion and host bulge lumi-
nosity (e.g. Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002) are indications of a coupled growth
of the SMBH and its host galaxy. These relationships pro-
vide some of the most basic constraints on models of SMBH
and galaxy formation and evolution (e.g. Menci et al. 2004).
However, these observational constraints are poorly known
(e.g. Graham & Scott 2013; Shankar et al. 2013, 2016, 2019
and references therein), particularly at low MBH, for which
dynamical mass measurements become increasingly more
challenging (Peterson 2014). This uncertainty at low masses
prevents us from properly calibrating the scaling relations
and the prescriptions for SMBH-galaxy growth used in
semi-analytical and numerical models (Shankar et al. 2012;
Barausse et al. 2017).
The agreement between the accreted mass function as
extracted from continuity equation arguments for MBH and
nuclear luminosity distribution, and the local BH mass func-
tion derived from local scaling relations, strongly suggest
that all local massive galaxies have undergone at least one
major episode of Active Galactic Nuclei (AGN) in their
past (e.g., Soltan 1982). It also supports the view that the
vast majority of local galaxies host a central SMBH (e.g.
Aller & Richstone 2002; Marconi et al. 2004; Shankar et al.
2004). The detection of AGN activity at the centre of galax-
ies is considered sufficient evidence to confirm the exis-
tence of a SMBH. The Eddington ratio1 distribution of
local galaxies has been measured to be extremely broad,
mostly sub-Eddington, extending down to very low Ed-
dington rates (∼10−6, e.g., Kauffmann & Heckman 2009;
Schulze & Wisotzki 2010). A large portion of low mass BHs
hosted in low mass galaxies are thus expected, and indeed
observed, to be among the faintest luminosity AGN, with the
lowest accretion rates and Eddington ratios, and extremely
weak nuclear outputs (e.g. Ho 1999, 2008; Panessa et al.
1 The Eddington ratio is defined as the ratio between the bolo-
metric luminosity of the AGN (precisely, the disc luminosity, or
a proxy) and the Eddington luminosity.
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2007). These low-luminosity AGN (LLAGN) are tradi-
tionally defined as having Hα luminosities 6 1040 erg
s−1 (Ho et al. 1997). They numerically dominate the local
Universe (Nagar et al. 2002; Filho et al. 2006; Saikia et al.
2018) and include the two main classes of active galaxies,
LINERs and Seyferts, distinguished by their optical emis-
sion lines (Heckman 1980). While Seyfert galaxies show clear
multi-band signatures of BH activity (i.e. broad emission
lines, hard X-ray spectra, Maoz 2007; Ho 2008), the physi-
cal origin of the central engine in LINERs has been debated:
stellar or non-stellar nature (SMBH, shocks, or hot stars; see
Ho et al. 1993 for a review)? The common interpretation is
that a radiatively-efficient accretion disc appears to recon-
cile with the high-energy properties of Seyferts, while LIN-
ERs, which are typically fainter, are possibly powered by
a radiatively-inefficient accretion disc (Kewley et al. 2006;
Maoz 2007; Ho 2008; Heckman & Best 2014).
However, our view of the nuclear activity in the local
Universe is partial and biased towards massive, bright and
unobscured galaxies. In turn, detailed and complete studies
of the low-brightness and low-mass active galaxy popula-
tions in the local Universe are still sparse. Optically weak or
inactive galaxies can hide quiescent/low-accreting SMBHs,
which are missed in the current local BH census. In fact, even
star forming galaxies, although energetically dominated by
dusty Hii regions, and extremely enshrouded objects with
high column densities can hide a compact object at their
centers, which could reveal weak signatures of activity in
optical, infrared and X-ray bands (e.g. Reines et al. 2013,
2016; Chen et al. 2017; Marleau et al. 2017; Girichidis et al.
2020). In addition, the BH activity is an episodic event:
galaxies can go through periods of nuclear inactivity within
their duty cycle, where their optical output is basically
turned off and the SMBH becomes quiescent (e.g Woltjer
1959; Marconi et al. 2004; Morganti 2017).
The best method to overcome this bias towards bright
and massive galaxies is through radio observations which
by virtue of not being obscured by intervening material
allow the very centres of galaxies to be viewed in a less
biased way (despite opacity problems in the radio band,
such as synchrotron self-absorption and free-free absorp-
tion). Radio observations consent to investigate a wide
range of astrophysical phenomena, from those related to
the formation, evolution, and death of stars (e.g. super-
novae, SN), to accretion onto SMBHs. In case of stellar
processes, thermal and non-thermal radiation is produced
by stellar ejecta (e.g. SN remnants, SNR) and photoionisa-
tion; in active SMBHs a plethora of radio-emitting mecha-
nisms can compete (see Panessa et al. 2019 for a review):
jets (Padovani 2016; Blandford et al. 2019), disc winds
(Zakamska & Greene 2014) or outflowing magnetically-
active coronae (Laor & Behar 2008). Radio observations
provide the best single diagnostic to separate star formation
(SF) and AGN components (e.g. morphology, luminosity,
brightness temperature).
Long-baseline radio arrays are suitable for detecting the
low-level nuclear output of the LLAGN. These observato-
ries, applied to nearby galaxies, provide the pc-scale res-
olution which is required to isolate the low-brightness nu-
clear emission, comparable to that of Sgr A*, from more
diffuse emission of the host galaxy. Because of its long, UK-
wide baselines, and large bandwidth e-MERLIN, is among
the best radio arrays to detect compact structures, e.g.,
AGN cores, nuclear starburst and jets, in galaxies in the
nearby Universe. A deep radio study of a complete sample
of LLAGN at milli-arcsecond resolution and µJy sensitivity
with e-MERLIN array has the potential to create a census
of the constituent components of galaxies at unprecedented
depth and at pc-scale linear resolution. This is the objective
of the LeMMINGs (Legacy e-MERLIN Multi-band Imaging
of Nearby Galaxy Sample2) survey (Beswick et al. 2014). To
reduce bias against optically active AGN as present in pre-
vious studies, we chose as our target the magnitude-limited
sample of nearby galaxy selected by Ho et al. (1997), which
is commonly known as the ’Palomar sample’. This sample
has a median distance of ∼20 Mpc and is statistically com-
plete with no radio imposed constraint or bias. This sample
is by far the most widely observed, across a range of wave-
length regimes (Spitzer, Herschel, HST, and with complete
Chandra and VLA coverage). It includes all optical spectral
classes (LINER, Seyfert, star forming and optically inactive
galaxies) and morphological host types (early- and late-type
galaxies), encompassing a wide range of BH masses (from
intermediate BH up to the most massive BHs of the local
Universe, 104 -109 M) and accretion rates (∼10−6 -10−1 in
Eddington units, Connolly et al. 2016).
Observations at L-band (1.5 GHz) of the first 103 galax-
ies of the LeMMINGs project were presented in the first data
release by Baldi et al. (2018) (Paper I hereafter). One of the
results reported there was the detection of pc-scale jetted
structure in inactive galaxies down, to MBH ∼106 M, sug-
gesting that a (weakly) active SMBH is present at the cen-
tre of local galaxies regardless of their optical class. Here we
complete the full LeMMINGs sample presenting the images
2 http://www.e-merlin.ac.uk/legacy/projects/lemmings.html
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Table 1. Optical and radio properties of the sample.
Name RA DEC D Hubble class class LEM Q Beam PA rms det morph log Lcore log Ltot
Mpc type Ho97 BPT arcsec2 degree µJy/b erg s−1 erg s−1
NGC 783 02 01 06.61 +31 52 56.8 68.1 SAc H H MISC1 + 0.22×0.12 34.5 53 U − <36.12 −
IC 239 02 36 27.82 +38 58 09.1 16.8 SAB(rs)cd L2:: Ha TEST ++ 0.19×0.12 40.0 63 U − <34.98 −
NGC 1003 02 39 17.03 +40 52 21.3 10.7 SA(s)cd ALG Hb,c TEST ++ 0.19×0.12 46.5 62 U − <34.58 −
NGC 1023 02 40 24.01 +39 03 47.7 10.5 SB(rs)0- ALG ALGb TEST ++ 0.19×0.12 42.7 63 U − <34.57 −
NGC 1058 02 43 30.01 +37 20 28.7 9.1 SA(rs)c S2 L TEST ++ 0.21×0.12 41.0 57 U − <34.41 −
Column description: (1) source name; (2)-(3) RA and DEC position (J2000.0) from NED; (4) distance (Mpc) from Ho et al. (1997); (5) morphological galaxy type given from RC3 (de Vaucouleurs et al. 1991); (6)
optical spectroscopic classification taken from Ho et al. (1997): H=Hii, S=Seyfert, L=LINER, T=Transition object, and ALG=Absorption line galaxy. The number attached to the class designates the AGN type
(1 or 2); quality ratings are given by ’:’ and ’::’ for uncertain and highly uncertain classification, respectively. Two classes are given for some ambiguous cases; (7) revised optical spectroscopic classification. See
the notes for the classification based on the literature; (8) LeMMINGs observation block; (9) raw data and calibration quality: ‘++’ = very good; ‘+’ = good; ‘m’ = moderate; (10) restoring beam size in arcsec2
in full resolution map; (11) PA angle (degree) in full resolution map; (12) rms in full resolution map in µJy beam−1; (13) radio detection status of the source: ‘I’ = detected and core identified; ‘U’ = undetected;
‘unI’ = detected but core unidentified; ’I+unI’ = detected and core identified with additional unknown source(s) in the field; (14) radio morphological class: A = core/core–jet; B = one-sided jet; C = triple; D =
doubled-lobed ; E = jet+complex (see Sect 4.2); (15)-(16) logarithm of the radio core and total luminosities (erg s−1). To convert the radio luminosities from erg s−1 to monochromatic luminosities (W Hz−1) at
1.5 GHz, an amount +16.18 should be subtracted from log Lcore and Ltot. The full table is available online. Notes: a Keel (1983); b van den Bosch et al. (2015) c; Moustakas & Kennicutt (2006) d; Florido et al.
(2012); e Buttiglione et al. (2010); f Gavazzi et al. (2013); g Heckman (1980); h Balmaverde & Capetti (2013); i SDSS; j Gavazzi et al. (2018); k Cazzoli et al. (2018); l Shields et al. (2007); m Nyland et al.
(2016); n Serra et al. (2008); o Wegner et al. (2003); p Pis,mis, et al. (2001); q Kennicutt (1992); r Lira et al. (2007); s Baldi & Capetti (2009); t Garćıa-Lorenzo et al. (2015).
Table 2. Properties of the detected and core-identified sources.
Full resolution Low resolution
name comp θM × θm PAd rms α(J2000) δ(J2000) Fpeak Ftot u−v θM × θm PAd rms Fpeak morph/size
arcsec2 deg mJy/b mJy/b mJy kλ arcsec2 deg mJy/b mJy/b
NGC 1161 core 0.06×0.01 53.7 0.067 03 01 14.173 44 53 50.66 3.09±0.07 3.13 500 <0.43× <0.26 -53.7 0.066 3.00±0.07 core (A)
0.067 03 01 14.242 44 53 50.77 <0.22 500 <0.69× <0.26 139.8 0.066 0.61±0.08
Tot 4.1±0.2
NGC 1167 core 0.08×0.07 19 2.7 03 01 42.331 35 12 20.30 580.1±10.0 695 500 0.20×0.10 114 3.1 618±11 core-jet (A)
1′′ →310pc0.35×0.14 113 2.7 03 01 42.361 35 12 20.10 49.0±11.0 121 500 3.1 <75
Column description: (1) galaxy name; (2) radio component: core, jet, lobe, blob or unidentified component if not labeled (W or E stand for West or East); (3) deconvolved FWHM dimensions (major × minor axes
[arcsec2], θM × θm) of the fitted component, determined from an elliptical Gaussian fit from the full-resolution radio map; (4) PA of the deconvolved component, PAd, from the full-resolution radio map (degree);
(5) rms of the radio map close to the specific component from the full-resolution radio map (mJy/b, mJy beam−1); (6)-(7) radio position (J2000.0); (8) peak (core) flux density in mJy beam−1, Fpeak, from the
full-resolution radio map; (9) integrated flux density, Ftot, in mJy, from the full-resolution radio map; (10) uv-taper scale of the low-resolution radio map in kλ; (11) deconvolved FWHM dimensions (major ×
minor axes [arcsec2], θM × θm) of the fitted component, determined from an elliptical Gaussian fit from the low-resolution radio map; (12) PA of the deconvolved component, PAd, from the low-resolution radio
map (degree); (13) rms of the radio map close to the specific component from the low-resolution radio map (mJy beam−1); (14) peak flux density in mJy beam−1, Fpeak, from the low-resolution radio map. For
NGC 5194 we give the total integrated flux densities of the radio lobes instead of the peak flux densities. At the bottom of each target the total flux density of the radio source associated with the galaxy is given
in mJy, measured from the low-resolution map; (15) radio morphology (A, B, C, D, E) and size in arcsec and pc (see Section 4.2). The full table is available online.
Table 3. Properties of the unidentified sources.
Full resolution Low resolution
name comp θM × θm PAd rms α(J2000) δ(J2000) Fpeak Ftot u−v θM × θm PAd rms Fpeak morph/size
arcsec2 deg mJy/b mJy/b mJy kλ arcsec2 deg mJy/b mJy/b
IC 342 0.13×0.05 141 0.175 03 46 48.464 68 05 48.41 1.61±0.18 1.79 500 0.21×0.05 154 0.177 1.35±0.18 multi-
components
5.5′′ →100pc,
offset >2′′
0.54×0.38 163 0.175 03 46 47.926 68 05 47.28 1.18±0.18 5.18 500 0.60×0.54 57 0.177 1.69±0.18
0.36×0.30 142 0.175 03 46 48.701 68 05 43.83 0.86±0.18 2.30 500 1.20×0.44 165 0.177 0.60±0.18
<0.39× <0.20 137 0.175 03 46 47.884 68 05 44.14 0.94±0.18 1.11 500 <0.46× <0.30 156 0.177 0.81±0.18
Tot 10.2±0.9
Column description: (1) galaxy name; (2) radio component: (core, SNR or X-ray source [XS]) or unidentified component if not labeled; (3) deconvolved FWHM dimensions (major × minor axes [arcsec2],
θM × θm) of the fitted component, determined from an elliptical Gaussian fit from the full-resolution radio map; (4) PA of the deconvolved component, PAd, from the full-resolution radio map (degree); (5) rms of
the radio map close to the specific component from the full-resolution radio map (mJy/b, mJy beam−1); (6)-(7) radio position (J2000.0); (8) peak flux density in mJy beam−1, Fpeak, from the full-resolution
radio map; (9) integrated flux density, Ftot, in mJy, from the full-resolution radio map; (10) uv-taper scale of the low-resolution radio map in kλ; (11) deconvolved FWHM dimensions (major × minor axes
[arcsec2], θM × θm) of the fitted component, determined from an elliptical Gaussian fit from the low-resolution radio map; (12) PA of the deconvolved component, PAd from the low-resolution radio map (degree);
(13) rms of the radio map close to the specific component from the low-resolution radio map (mJy beam−1); (14) peak flux density in mJy beam−1, Fpeak from the low-resolution radio map. At the bottom of
each target the total flux density of the radio source associated with the galaxy is given in mJy, measured from the low-resolution map; (15) radio morphology, size in arcsec and pc and offset from the optical
centre, if present. The full table is available online.
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of the remaining 177 galaxies at 1.5 GHz and proceed to
study the survey from both data releases combined. Basic
results on the radio properties of this population of nearby
galaxies are discussed in this work.
This paper is organized as follows. In Sect. 2 we present
the LeMMINGs project and sample, and the updated optical
classification of the sub-sample of 177 galaxies. The observa-
tions and calibration of the radio data are explained in Sect.
3. The identification of the radio cores and the general radio
properties of the sub-sample are presented in Sect. 4. We
discuss the results and implications of the radio emission for
the entire LeMMINGs survey (280 galaxies) in Sect. 5 and
draw our conclusions in Sect. 6.
2 THE PALOMAR SAMPLE AND THE
LEMMINGS SURVEY
2.1 Sample selection
The sample of this survey is a subset of the Revised Shapley-
Ames Catalog of Bright Galaxies and the Second Refer-
ence Catalogue of Bright Galaxies (δ > 0◦ and BT 6 12.5,
Sandage & Tammann 1981; de Vaucouleurs et al. 1976),
which was originally observed by Ho et al. (1995) with
the Hale 5m telescope at the Palomar Observatory
(Filippenko & Sargent 1985) to carry out a deep spectro-
scopic campaign. Ho et al. extracted the optical emission
lines (Hβ, [O III], [O I], [N II], Hα, [S II] doublet) from their
spectra and used the emission line ratios to classify them as
Hii, Seyfert, LINER or Transition galaxy (see Sect. 2.2 for
the updated classification).
The galaxies for which the active SMBH is the main
photoionising source are Seyferts and LINERs, which rep-
resent the ∼11 and ∼19 per cent of the Palomar sample,
respectively. The inactive galaxies are the Hii galaxies (∼42
per cent of the Palomar sample) where star forming regions
populated by massive young stars mainly photoionise the
surrounding gas, and the Absorption Line Galaxies (ALG,
∼14 per cent) which are optically inactive galaxies. The lat-
ter shows no obvious emission lines and are typically in early-
type galaxies. Ho et al. (1993) introduced a further class
which they named Transition galaxies (∼14 per cent). These
are sources with composite characteristics of both LINER
and Hii galaxies and are based on a single diagnostic dia-
gram (of [O III]/Hβ vs. [N II]/Hα; diagram ’a’ in Figure 1).
The LeMMINGs survey focuses on a sub-sample of the
original Palomar catalogue, namely on those galaxies with
declination > 20◦ (280 targets), to ensure good visibility (or
uv-plane) coverage, and accessibility to the e-MERLIN ar-
ray over a wide hour-angle range. The survey was designed
to carry out shallow observations at 1.5 and 5 GHz with-
out the largest e-MERLIN antenna, the Lovell telescope. In
addition, several galaxies were observed to greater depth as
part of LeMMINGs (i.e., with the Lovell telescope included):
M 82 (Muxlow et al. 2010), IC 10 (Westcott et al. 2017),
NGC 4151 (Williams et al. 2017), NGC 5322 (Dullo et al.
2018), M 51b (NGC 5195, Rampadarath et al. 2018), and
NGC 6217 (Williams et al. 2019).
In Paper I a resolution of 150 mas resulted in the de-
tection of 1.5-GHz radio emission at pc scales, reaching a
sensitivity of ∼75 µJy beam−1. We detected 46 per cent
(47/103) of the targets observed3, measuring radio dimen-
sions typically .100 pc and radio luminosities in the range
∼1034-1040 erg s−1. Here, in analogy to Paper I, we report
our observations of the remaining 177 Palomar galaxies at
1.5 GHz, listed in Table 1.
2.2 Revised optical classification
Whereas Seyferts display high ionisation lines which are in-
dicative of photoionisation by an active nucleus, the typical
emission line ratios of LINERs can be reproduced either by
AGN photoionisation, collisional excitation by shocks, pho-
toionisation by post-AGB stars, or by combined starburst
and merger-driven shock (Allen et al. 2008; Sarzi et al. 2010;
Capetti & Baldi 2011; Singh et al. 2013; Rich et al. 2014).
In addition, the Transition Galaxies are not a well defined
class, being a mixture of photo-ionisation by SF and a weak
AGN. Therefore a secure and net separation between the dif-
ferent classes is necessary for a better and well-refined physi-
cal interpretation of each class. For this purpose, in analogy
to what we performed in the first data release (Paper I),
we revise the optical classifications carried out by Ho et al.
(1997) by using the state-of-the-art spectroscopic diagnos-
tic diagrams based on criteria introduced by Kewley et al.
(2006) and Buttiglione et al. (2010). The former used SDSS
emission-line galaxies and BPT diagrams (Baldwin et al.
1981) to classify mostly radio-quiet AGN galaxies, whereas
the latter used optical spectra of radio galaxies from the
Revised Third Cambridge Catalogue (3CR, Bennett 1962,
i.e., only radio-loud AGN) obtained with the Telescopio
Nazionale Galileo. Ho et al. scheme marginally differ in the
separation of Seyferts and LINERs from those used by
Kewley et al. (2006) and Buttiglione et al. (2010): Seyferts
by Ho et al. (1997) with log([O III]/Hβ) > 0.5 are now re-
classified as LINERs. We also used the ‘line ratios index’ in-
troduced by Buttiglione et al. (2010) as the average of three
low ionisation line ratios for a more robust separation be-
tween LINERs and Seyferts. Furthermore, we opt for re-
moving the Transition galaxy class, by classifying the given
galaxy either as LINER or Hii galaxy based on the other
diagnostic diagrams (’b’ and ’c’ diagrams in Fig. 1). Finally,
each target is classified as Hii, LINER, or Seyfert based on
at least two diagnostic diagrams in case the third criterion
disagrees with the other two (see Paper I for more details).
Of the 177 galaxies, 122 exhibit at least four detected
emission lines (i.e. having line uncertainties smaller than 50
per cent in Ho et al. 1997), which is enough to ensure a
reliable classification in the BPT diagrams (Fig. 1). The re-
maining 55 sources are classified based on recent spectra
taken from the literature (see notes in Table 1). The revi-
sion of their classification based on optical spectra resulted
in a final sample of 89 Hii galaxies, 60 LINERs, 14 Seyferts
and 14 ALGs.
When considering galaxy morphological type, most of
the sources are late-type galaxies (LTGs, spiral and irregu-
lar galaxies ∼71 per cent), with a smaller fraction of early-
3 Based on a more detailed analysis of NGC 147, which was the
least luminous detected radio source of the sample in Paper I, we
have decided to remove this target from the group of detected
galaxies (see Sect. 5 for details).
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Figure 1. Diagnostic diagrams based on optical spectra (named BPT, Baldwin et al. 1981): log([O III]/Hβ) vs. a) log([N II]/Hα), b)
log([S II]/Hα), c) vs. log([O I]/Hα), and d) line ratios index (the averaged line ratios, see the definition in Paper I). The data-points
represent the 122 galaxies with emission line data taken from Ho et al. (1997) (the remaining 55 sources were classified based on data
from the recent literature; see Table 1). In the first three panels, the solid lines separating Hii galaxies, LINER, and Seyferts are taken
from Kewley et al. (2006). The dashed lines between Seyferts and LINERs in the four panels separate the two classes according to the
scheme introduced by Buttiglione et al. (2010). In panel a, the sources between the solid and the dot-dashed lines were classified as
Transition galaxies by Ho et al. (1997), which we re-classify as LINER or Hii galaxies based on the other diagrams (’b’ and ’c’). We mark
LINERs as blue triangles, Seyferts as red diamonds, and Hii galaxies as orange squares. Several galaxies have different classifications
with respect to those from Ho et al. (1997) because of the updated diagnostic diagrams (see Table 1).
type galaxies (ETGs, ellipticals and lenticulars). LINERs
and ALGs are typically in ETGs, Seyferts have both early-
and late-type morphologies and Hii galaxies are mostly late-
type systems (see Sect. 5 for more details).
3 OBSERVATIONS AND DATA REDUCTION
Detailed information on the e-MERLIN 1.5-GHz observa-
tions can be found in Paper I. The sub-sample presented in
this work was observed from March 2017 to March 2019, di-
vided into observing blocks of typically 10 targets, grouped
based on their right ascensions to minimise the slewing of
the 7 telescopes.
The observing strategy was identical to that used for the
galaxies in Paper I: it consisted in following the target and
the phase calibrator in at least six visits (cycles) to maximise
uv-coverage given allocated time. A target-phase calibrator
cycle usually lasted ∼10 min, with ∼3 min on the phase
calibrator and ∼7 min on the target. The phase calibrators
were selected from the VLBA calibrator lists (Beasley et al.
2002) and/or form the latest RFC catalog4, chosen for be-
4 available from http://astrogeo.org
ing unresolved on e-MERLIN baseline scales. The bandpass
calibrator (OQ 208) and the flux calibrator (3C 286) were
typically observed for several minutes each. In this work,
we present the data from seventeen scheduling blocks which
include the 177 Palomar galaxies presented here (Table 1).
3.1 Data Calibration and Imaging with CASA
In a change from Paper I, where the data reduction was car-
ried out using the AIPS5 software package, here the data
has been calibrated with CASA (McMullin et al. 2007), the
Common Astronomy Software Applications package. This
change was prompted by the release of the e-MERLIN
CASA pipeline6 at around the time the observations pre-
sented in this paper were conducted. In Section 3.2 we will
present the differences between the two software packages.
The CASA pipeline converts ‘fitsidi’ format obser-
vation files into CASA measurement sets (‘MS’); next it per-
forms a priori flagging such as removing the first minutes of
5 AIPS, the Astronomical Image Processing Software (Greisen
2003), is free software available from the NRAO.
6 https://github.com/e-merlin/eMERLIN CASA pipeline/
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article/doi/10.1093/m
nras/staa3519/5986635 by U
niversity of C
entral Lancashire user on 26 N
ovem
ber 2020
O
R
IG
IN
A
L
 U
N
E
D
IT
E
D
 M
A
N
U
S
C
R
IP
T
6
data when antennas are not yet all tracking a source, flag-
ging the edges of the observing band and spectral windows,
and applying any observatory flags.
The 512 MHz wide L-band suffers substantial radio fre-
quency interference (RFI) due to a variety of sources, such
as modems, satellites, mobile phones, and radars. Hence,
to achieve the highest sensitivity possible, RFI must be
removed from the outset. The CASA pipeline uses the
AOFlagger software (Offringa et al. 2012) which calcu-
lates a limiting threshold based on the raw data, above which
any instances of RFI are automatically flagged and subse-
quently removed from the dataset. To remove any low-level
RFI (the target observations are expected to be intrinsi-
cally faint) we further inspect the data with CASA task
‘plotms’, plotting the amplitude and phase of the visibili-
ties as a function of time and channel/frequency to detect
any amplitude spikes, dropouts, or intervals with null phase.
We have estimated that the flagged data represents typically
∼15-20 per cent of the raw data.
The data are subsequently averaged down in frequency
by a factor of four to reduce the data volume and improve
calibration speed without losing any significant information
that might affect our scientific objectives. The pipeline then
allows any additional manual flags to be added by the user,
before proceeding with calibrating the data as follows. First,
the flux for the primary calibrator 3C 286 is set using a
model by ‘setjy’. This is followed by delay and phase-only
calibration with the task ‘gaincal’ using a solution inter-
val of ∼10 s. Next is amplitude and phase calibration with a
solution interval of 2-3 min in amplitude and phase. An ini-
tial bandpass response table was created to account for the
changes of sensitivity across the band with the task ‘band-
pass’. At this point further automatic identification and
removal of data outliers in the time-frequency plane indicat-
ing RFIs is done with the task ‘flagdata’ (with ‘tfcrop’
mode). The flux density scale of 3C 286 is then bootstrapped
to the secondary calibrator and target sources using ‘fluxs-
cale’, taking into account that 3C 286 is slightly resolved
by the longest e-MERLIN baselines. A final bandpass table
is then recalculated using the spectral information obtained
from the previous step. Final phase and amplitude solutions
were recalculated after the bandpass correction. The phase
solutions are usually delimited within ±20◦ independent of
baseline, while the amplitude solutions show typical varia-
tions within a range of 10−20 per cent. The phase and am-
plitude solution tables are then applied to the data. A final
step of flagging the data using ‘flagdata’ (‘tfcrop’ mode)
is run as part of the pipeline to remove any RFI from the
target fields. The solutions from the amplitude and phase
calibration and the bandpass table were applied to the data
to assess the data quality with ‘possm’. Diagnostic plots are
produced and uploaded to a ‘weblog’ which allows for check-
ing the quality of the calibration by showing such plots as
the per-antenna flagging percentage at each step, calibration
tables at each step and images of the calibrators and targets.
These plots were inspected for any signs of remaining RFI
or poor solutions in the calibration tables, with the option
of running the pipeline again with manually input flags post
averaging, with the aim of removing any subsections of the
data that are of poor quality. After inspection of the diag-
nostic plots and manual excision of RFI in the target fields,
the latter were ’split’ from the now calibrated measurement
set to create a single-source data file which is more man-
ageable for the data imaging stage. In conclusion, the entire
procedure achieved a maximum of 20 per cent calibration
error in L-band.
Imaging of the e-MERLIN data (Stokes I) was also
performed within the CASA environment, using the task
‘tclean’ on the ’split’, calibrated datasets as described
above. This task includes the possibility of using the ‘mtmfs’
deconvolver mode, which allows to reconstruct images from
visibilities using a multi-term (multi-scale) multi-frequency
approach (Rau & Cornwell 2011). After Fourier transform-
ing the visibilities into an image, the latter is then ’cleaned’,
essentially deconvolved quasi simultaneously at a small num-
ber of characteristic scales, taking into account the no-null
frequency dependence of the emission in the different sub-
bands7. We used three different scales: the smallest scale size
is recommended to be 0 (point source), the second the size
of the synthesized beam and the third 3-5 times the synthe-
sized beam. Since the nominal beam size of the e-MERLIN
L-band observations is 150 mas, we used a cell size of 50 mas
and we set the corresponding scales array to [0, 3, 10] pixels.
The images were produced with natural baseline weighting,
mapping a field of 1024 × 1024 pixels (∼0.85 arcmin ×∼0.85
arcmin, i.e. 0.73 arcmin2 which corresponds to an area of
∼11.6 kpc2 at the median distance of the sample).
For the targets with flux densities higher than 5 mJy,
we carried out a few rounds of self-calibration in phase and a
final one in phase and amplitude, using 1-2 min integration
times and using a 3-σ minimum threshold for valid solutions.
This procedure had the effect of increasing the signal-to-
noise of the final maps and reducing the scatter in phase
and gain solutions. Bright sources in the fields were mapped
in parallel with the targets by using separate, small fields
centred on their location, thus reducing the level of their
side-lobes and their contribution to the effective noise floor
for the fields on the targets.
Several images were created with different resolutions
to explore the presence of diffuse low-brightness radio emis-
sion and to possibly detect a target in case of no detection in
full resolution. Lower-resolution maps were obtained using
different values of the ‘uvtaper’ parameter in ‘tclean’.
This parameter specifies the width of the Gaussian func-
tion in the uv-plane to down-weight the contribution by the
longer baselines. We chose values ranging between 300 and
750 kλ. The narrower the Gaussian, the less weight is given
to the longer baselines and hence the lower the resolution
of the resulting maps. A value of 300 kλ corresponds to a
beam size typically 3 − 4 times larger (i.e. 0.45 − 0.6 arc-
sec) than that reached at full resolution. Furthermore, the
angular resolution of the images strongly depends on the
uv-plane coverage, hence the inclusion of the data from all
seven antennas. Extreme data flagging can consequently re-
sult in degradation of the resolution. The range of restoring
beam sizes is between 0.12 and 0.50 arcsec at full resolution.
Figures 2 (the full sets of figures for identified and
unidentified sources will be as online supplementary data)
7 We used 2 Taylor coefficients in the spectral model, which then
corresponds to a spectrum defined by a straight line with a slope
at the reference frequency of 1.5 GHz. The spectral image has not
been considered in this work.
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Figure 2. e-MERLIN 1.5-GHz radio maps of the detected and core-identified galaxies. For each galaxy two panels are shown. The upper
panel depicts the full-resolution map, while the lower panel shows the low-resolution map obtained with a uv-tapered scale written in
the panel (in kλ), all on a same physical scale. For four galaxies (NGC 3516, NGC 4036, NGC 5322, and NGC 5548) a third radio map
is presented corresponding to a lower resolution map (see the scale and map parameters in Tab 4). The restoring beam is presented as a
filled ellipse at one of the corners of each of the maps. The contour levels of the maps are presented in Table 4. The × marks indicate the
optical galaxy centre taken from NED, while the + symbol marks the radio core position, if identified. In the upper panels, the optical
(LINER, Seyfert, Hii, and ALG) and radio (A, B, C, D, E, see Section 4.2 for description) classifications of the sources are reported.
The full sets of Figures are available online.
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Figure 3. The effective rms noise distribution of the data (103
targets) presented in Paper I calibrated and imaged with AIPS
(solid black line) and the data presented here (177 targets) cali-
brated and imaged with CASA (dashed red line). The result of a
KS test is that the two distributions are not drawn from differ-
ent parent populations at a confidence level greater than 95. Four
targets with effective rms higher than 300 µJy beam−1 are from
images that are dynamic range limited and not plotted.
present the full and low-resolution (uv -tapered) maps of the
detected sources. For each detected galaxy we present one
or two uv -tapered images chosen among those obtained with
the highest ‘uvtaper’ parameters (typically 750-500 kλ)
judged to be the best for illustrating the radio structure.
The radio images have a large dynamic range which high-
lights their quality. For a small fraction of sources (in blocks
08 and 12), the image quality is modest, usually due to an
antenna ‘drop-out’, but still adequate for the purposes of
our survey (see Table 1).
To analyse the source parameters in the radio maps,
we used ‘imfit’, part of the CASA ‘viewer’, which fits
two-dimensional Gaussians to an intensity distribution on
a region selected interactively on the map, providing the
position, the deconvolved size, peak flux density, integrated
flux density, and position angle (PA) of the source (all listed
in Table 2 and Table 3). Whilst this procedure is valid for
compact or slightly-resolved components, a simple technique
to estimate the total brightness of an extended component
is by interactively marking the region around the irregular
shape of the source. Similarly, we estimate the rms noise of
the maps by selecting a region around the target free from
any significant emitting source. The maps show a range in
effective rms noise of between ∼30 and 250 µJy beam−1. The
higher values indicate we are for the brighter sources limited
by the dynamic range of the data. An extreme example is the
brightest source NGC 1275 in our sample with an integrated
flux density of 47.1 Jy and an effective rms noise of 156 mJy
beam−1, or a dynamic range of about 300:1 (Tab. 4).
3.2 AIPS vs CASA
Since this Legacy Survey has been processed with two tech-
niques based on AIPS and CASA softwares, a comparison
of the data calibration and results between the two proce-
dures is needed. Here we report the main differences and
crucial similarities between Paper I and this work:
• Data calibrated and imaged via both CASA and AIPS
(Paper I) were averaged in frequency and/or time by the
same amount (averaged to 0.5 MHz channels and 2-seconds
integrations) prior calibration procedures.
• Both ‘SERPENT’, the auto-flagging code
(Peck & Fenech 2013) written in ParselTongue
(Kettenis et al. 2006) used in Paper I, and AOFlag-
ger are based on similar algorithms to assess the data
quality and flag any instances of RFI. However, the updated
version AOFlagger is more efficient than the SERPENT
routine, because scripts searching for low-level RFIs have
been optimised.
• In Paper I the calibration procedures began with a
fit to the delay offsets among the distant antennas using
the AIPS task ‘FRING’. Only recently a fringe fitting pro-
cedure became available in CASA, a Python-based global
fringe fitter (task ‘fringefit’, van Bemmel et al. 2019) de-
veloped specifically for long-baseline interferometers. The e-
MERLIN CASA pipeline implements a simplified antenna-
based delay correction. Moreover, since e-MERLIN utilises
a single central clock, unlike VLBI arrays, no additional rate
correction is essentially required.
• Each spectral window was used for amplitude and phase
calibration, apart from their edge channels which are noisier.
In Paper I we used the central 80 per cent of channels as
recommended by the e-MERLIN cookbook, but the CASA
pipeline uses the inner 90 per cent.
• The data published in Paper I underwent several rounds
of phase-only self-calibration on the phase calibrators plus a
final round of self-calibration in phase and amplitude. The e-
MERLIN CASA pipeline performs a self-calibration on the
calibrators, but it defaults to a point source model assump-
tion rather than iteratively creating maps as in AIPS. In
the classical assumption of a phase calibrator structure be-
ing dominated by a compact point source, the two routines
are essentially the same.
• In the imaging technique, the AIPS task ‘imagr’ uses
the Högbom clean method (Högbom 1974), which amounts
to a brute force deconvolution by subtracting the bright-
est points in the map until it reaches a simply noisy map.
Instead the deconvolution used by ‘tclean’ with ‘mtmfs’
mode offers multi-frequency synthesis of the wide-band data.
AIPS task ‘imagr’ also offers a simplified multi-scale option
in the cleaning phase, but CASA ‘tclean’ permits a better
control of the parameters of the image deconvolution.
• In order to extract the source parameters from the de-
tected components, AIPS task ‘jmfit’ and CASA task
‘imfit’ work in a similar way by fitting a 2-D Gaussian
across the source.
In the following we carry out a comparison between the
two methods. First, we compare the rms noise obtained for
the radio images of the 103 sources from Paper I and those
calibrated in this work. Figure 3 shows the two rms noise dis-
tributions. The median values of two distributions are simi-
lar, 81 and 84 µJy beam−1, for Paper I and this work, respec-
tively. We also evaluate a two-sample Kolmogorov-Smirnov
(KS) test, to compare the cumulative distributions of the two
datasets. This test confirms there is no significant difference
between the rms noise distribution of the two samples.
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Table 4. Radio contour levels
name full resolution low resolution
Beam PA levels kλ beam PA levels
NGC 1161 0.18×0.12 55.8 0.20×(−1,1,2,4,8,13) 500 0.34×0.18 -39.9 0.50×(−1,1,2,4,5.5)
NGC 1167 0.20×0.20 0 15×(−1,1,2.5,5,10,20,30) 500 0.40×0.40 0 8×(-1, 1, 2, 5, 10, 20, 40, 70)
NGC 1186 0.18×0.12 52.3 0.15×(−1, 1, 2) 750 0.35×0.19 -43.4 0.15×(−1,1,2,3)
NGC 1275 1.00×0.33 -41.6 600×(−1, 1, 2, 4, 8, 16) 750 1.20×0.39 -41.0 1000×(−1, 1, 2, 4, 8)
IC 342 0.33×0.20 -57.3 0.6×(−1,1,1.4,2) 500 0.43×0.35 −29.5 0.5×(−1,1,1.3,2,3)
Column description: (1) source name; (2) FWHM of the elliptical Gaussian restoring beam in arcsec2 of the full-resolution
maps (Fig. 2); (3) PA of the restoring beam (degree) of the full-resolution maps; (4) radio contour levels (mJy beam−1) of
the full-resolution maps; (5) uvtaper scale parameter in kλ of the low-resolution radio maps (the full sets of figures is in the
online supplementary data); (6) FWHM of the elliptical Gaussian restoring beam in arcsec2 of the low-resolution maps; (7)
PA of the restoring beam (degree) of the low-resolution maps; (8) radio contour levels (mJy beam−1) of the low-resolution
maps. The ∗ tag identifies the secondary radio source detected in the field of the main target. The full table is available
online.
Figure 4. Radio maps (with natural weighting) of NGC 5194
for a comparison between the calibration and imaging performed
with AIPS (left panels, taken from Paper I) and with CASA (right
panels). The upper panels are at full resolution, the medium pan-
els at 750kλ (the boxes represent the regions depicted in the up-
per panels at full resolution) and the lower ones at 500kλ with
matched restoring beams. The rms noise of the CASA maps
are 68 µJy beam−1, while those of the AIPS maps are 78 µJy
beam−1. The contour levels are 3×rms×N, where N = [-1,1,2,4],
[-1,1,2,3,6], and [-1,1,2,2.5,3.3,5,8] respectively for the three sets
of panels from the top to the bottom.
In addition, as a further test, we calibrated with
CASA a randomly selected observing block of good qual-
ity, LEM 10, already published in Paper I. We run the
CASA pipeline on the dataset by tuning the calibration
steps and further flagging the RFIs and noisy visibilities.
The calibrated dataset returns a lower rms noise level of
∼68 µJy beam−1 than the ∼78 µJy beam−1 achieved with
the AIPS routine. The targets which were not detected with
AIPS remain as such with CASA (NGC 4914, NGC 5055,
NGC 5112, and NGC 5297). The restoring beams obtained
with the two procedures are consistent with each other.
The detected targets (NGC 5005, NGC 5194, NGC 5195,
NGC 5377, and NGC 5448) display similar but not identi-
cal radio structures identified in the AIPS maps (see next
paragraph and Figure 4 for a detailed comparison). At full
resolution the peak flux densities of the unresolved compo-
nents (with matched synthesised beams) are typically ∼87
per cent of the estimates obtained with AIPS task ‘imagr’.
The difference is insignificant in the lower resolution maps.
The integrated fluxes of the extended structures are consis-
tent with the measurements obtained with AIPS. In terms
of resolved structures, the wide-band imaging with CASA
resulted in emission features that were better defined, re-
ducing the confusion between noisy artifacts and genuine
regions of emission. The differences revealed between the
two procedures are probably the result of two aspects: i) the
AOFlagger software provides a better flagging of data af-
fected by RFI, returning a lower rms noise level; ii) the multi-
scale multi-Frequency synthesis of the CASA task ‘tclean’
probes the spatial and spectral characteristics present in the
data in a more accurate mode than the CASA task ‘imagr’ .
Furthermore, the different self-calibration routes of the two
procedures could also lead to a little influence on the dy-
namic range of the target itself, if the object is highly de-
tected (high signal-to-noise ratio) and can be self-calibrated.
Conversely, the inability of self-calibrating because of a weak
or non-detected target could largely affect the noise levels of
the map and probably contribute to the different noise lev-
els observed between the maps produced with CASA and
AIPS.
Figure 4 shows an example of two sets of radio images
for the galaxy NGC 5194 obtained from the same raw data
calibrated and imaged with the two software packages. As
discussed before, the neater structures (i.e, see the edge of
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the southern radio lobe) and the lower rms noise observed
in the CASA images of this target probably result from the
combination of different steps of the two procedures. This
example provides the level of reliability of the low-brightness
structures observed in the maps of our sample and suggests
caution in interpreting weak source structures, obtained ei-
ther with or without self-calibration.
We can conclude that the two data calibration and
imagining techniques based on AIPS and CASA produce
consistent results in terms of flux densities and detected
emission regions, with minor differences which are still
within the absolute flux calibration error of <20 per cent.
4 RESULTS
4.1 Radio maps and source parameters
As one of the key goals of the LeMMINGs Survey is to
study of the 1.5-GHz emission ascribed to the central SMBH,
we examine the innermost region of the galaxy in the full-
resolution and uv-tapered images near the optical/infrared
identification of the supposed nucleus. Practically, we search
for significant radio emission, i.e. we detect a source compo-
nent if its flux density is above 3σ of the local noise in anal-
ogy to Paper I8. In the cases of diffuse low-level emission
and no detection, we extract a 3σ upper-limit to the core
flux density at full resolution. Moreover note that the larger
beams of the uv-tapered maps could cause the appearance
of additional components not present at full resolution due
to increased signal-to-noise ratio.
The median rms noise of the final naturally-weighted
full-resolution images is 84µJy beam−1, with a median ratio
between the peak flux density and the rms noise of five. We
detected radio emission for 78 out of the 177 targets with flux
densities &0.25 mJy. For such sources, we also derive the flux
densities of their counterparts in the uv-tapered maps. The
source parameters (e.g. peak/integrated flux, deconvolved
major/minor axes, position) for the detected sources are
listed in Table 2 and 3. The contour levels and the restoring
beam parameters are listed in Table 4. For the remaining 99
objects, no significant radio emission (> 3×rms level) was
detected in the imaged fields, neither at full- nor at low-
resolution.
The morphology of the detected radio structures is var-
ied, ranging from pc-scale unresolved cores to jetted to ex-
tended and complex shapes. The lower resolution images
generally reveal a more extended morphology than the full-
resolution images. The radio structures vary in size from
150 mas at the smallest scale for unresolved sources to up
to 17 arcsec for sources like NGC 5548 (∼ 6 kpc). With a
mean size for the radio structures in the survey being 0.5
arcsec, i.e., a physical size ∼3 - 550 pc (median ∼100 pc),
most of the sources are slightly resolved or unresolved. All of
the radio sizes for the resolved sources are listed in Table 2
and 3.
In agreement with Paper I, we identify the radio core
in each source as the unresolved central component, which
8 We are aware that 3σ limit might include spurious detections
for particularly weak sources.
might be associated with the active SMBH or nuclear star-
forming region. We used the specific radio morphologies of
each source combined with the optical centre of the galaxy
obtained from the NASA Extragalactic Database (NED9) to
gauge the distance of the radio core from the optical centre.
For sources with a symmetric structure, the central unre-
solved component is assigned to be the radio core, but for
asymmetric sources the brightest component is used. The
distance between the optical galaxy centre and the closest
possible radio component is the main criterion for a core
identification (see more details in Paper I).
There have been several previous VLA observations of
subsets of the Palomar sample which, with the final goal of
studying the nuclear activity, were successful in detecting ra-
dio cores at the centre of the galaxies, at resolution of ∼1–2
arcsec (e.g. Nagar et al. 2002; Filho et al. 2000; Nagar et al.
2005). The VLA core position generally matches with the
optical centre of the galaxy within the VLA beam width.
This spatial coincidence sets the upper limits of the radius
from the optical centre where an active SMBH could be lo-
cated.
The previous VLA observations did not resolve the e-
MERLIN cores, but on the contrary e-MERLIN resolves out
part of the extended radio emission visible in VLA maps.
This is also because of the longer baselines of the e-MERLIN
array which results in the e-MERLIN angular resolution be-
ing five times better than that of most previous VLA sur-
veys. This higher resolution in turn complicates for identify-
ing the correct position of the radio-emitting SMBH within
the VLA beam width around the optical galaxy centre with-
out a more precise localisation, like from VLBI. Therefore,
optical and e-MERLIN astrometries play a crucial role in
pinpointing the active SMBH. The e-MERLIN astrometry
is set by the International Celestial Reference Frame to an
accuracy a few 10 mas. We note that the positional uncer-
tainties are therefore now dominated by the positional uncer-
tainty in the optical observations. In fact, absolute optical
positions provided by NED are limited by seeing and the
light profile across the nuclear region observed by the opti-
cal telescopes catalogued in NED. The NED target positions
typically refer to the position accuracy of the Two Micron
All Sky Survey, i.e. ∼0.3 – 0.5 arcsec10. Considering the rela-
tive optical-radio astrometry, systematic errors and plausible
degradation of the e-MERLIN resolution/astrometry due to
low phase reference quality and/or a low signal-to-noise ratio
of some sources, we set 1.5 arcsec as a conservative, max-
imum offset from the optical nucleus to search for a radio
core in the e-MERLIN maps in analogy to Paper I.
For 66 out of the 78 detected sources in the sample pre-
sented in this work, evident radio cores are identified within
1.2 arcsec from the optical centre of the galaxy: we refer to
them as ‘identified’ sources (see Sect. 4.2). For 12 of the 78
detected sources we cannot clearly identify the radio source
with the nucleus of the galaxy either because the optical-
radio separation is >2 arcsec or because there are multiple
radio components within 1 arcsec of the optical centre. In
addition to those, three galaxies which have a detected iden-
tified core (NGC 2832, NGC 3077, NGC 4111) reveal addi-
9 https://ned.ipac.caltech.edu/
10 https://old.ipac.caltech.edu/2mass/releases/second/doc/sec6 7f.html
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tional significantly bright structures in the field, associated
with galaxy companions or other sources of ambiguous na-
ture (named ’identified+unidentified’). These 15 (12 galaxies
+ 3 sources in the field of three identified galaxies) sources
have been called ’unidentified’ hereafter (see Sect. 4.3). The
core-identification tags for the sample are listed in Table 1
and are described in details in the next sub-sections.
4.2 Identified sources
The full and low-resolution maps of the 66 detected and
identified galaxies are presented in Figure 2, along with the
tables including source characteristics (Table 2), radio con-
tours and restoring beams (Table 4).
To ensure that the ‘identified’ sources are genuine,
we calculated the probability of detecting a radio source
above the 0.25-mJy detection limit of the LeMMINGs sur-
vey within a given area of sky. We use the source count
distribution obtained from the 1.4 GHz e-MERLIN legacy
programme SuperCLASS (Battye et al. 2020) over an area
of ∼1 square degree centred on the Abell 981 super-cluster
to provide an upper limit on the number of background con-
fusing sources. We find that when observing 177 galaxies,
statistically at most one unrelated radio source falls within
a circular radius of ∼2.6 arcsec of the optical centre. Hence,
given this result, a radio sources detected within a 1.2 arcsec
circular aperture can with a high degree of confidence likely
be identified with the central optical nucleus, e.g., with an
SMBH.
Radio cores were detected at full resolution for all 66
identified sources with the exception of one, NGC 4369,
which is undetected at full resolution but reveals a radio
core coincident with the optical galaxy centre in the lower
resolution radio images. Most of the sample have peak core
flux densities ∼1 mJy beam−1 . The brightest source is
NGC 1275 which reaches a 10.5 Jy beam−1 peak flux den-
sity. Most of the central components can be considered unre-
solved or compact as the deconvolved source sizes are much
smaller than the beam size. For those sources the peak flux
densities of the radio core components are usually consistent
with the integrated flux densities to within a factor of ∼2.
Those which have significantly larger integrated flux densi-
ties than their peak flux densities include sources that are
extended or contain multiple components.
For 17 identified sources, clear extended radio structures
are observed, which have been preferentially interpreted as
originated from a compact jet. There are several reasons why
compact jets might be preferentially detected: the high spa-
tial resolution (150 mas) and the lack of short-spacings of
the e-MERLIN array, and the use of snapshot imaging of the
LeMMINGs program which produces sparse uv-coverage,
cause loss of sensitivity to diffuse low-brightness emission,
such as expected by a galaxy disc (Brown & Hazard 1961;
Kennicutt 1983) (see Section 6.3 for discussion). We esti-
mate that, based on the properties of our observations (array
configuration and snapshot imaging), e-MERLIN appears to
resolve out up to 75 per cent of the radio structure detected
with VLA with 1-arcsec resolution: based on previous VLBI
and VLA studies (e.g. Hummel et al. 1982; Falcke et al.
2000; Nagar et al. 2005; Panessa & Giroletti 2013), LINERs
are less affected by this issue than Seyferts and Hii galax-
ies, which are generally associated with more extended low-
brightness radio emission than LINERs. However, this in-
terpretation does not preclude the possibility that the radio
emission arises from compact radio emission from circumnu-
clear SF (e.g. Linden et al. 2020) or circumnuclear disc (e.g
Carilli et al. 1998).
The 66 identified sources were divided into five distinct
classes, based on their radio morphology in both the full-
and low-resolution maps (Table 1), in analogy to Paper I.
The five morphologies are discussed below:
• core/core–jet, marked as A (49 galaxies): these sources
show bright unresolved or slightly resolved cores and often
show a protrusion (Conway et al. 1994). A few radio compo-
nents could be aligned in the same direction of the possible
jet. Some examples include NGC 1161 and NGC 1275.
• one-sided jet, marked as B (3 galaxies): the one-sided
jets show a clear asymmetric extended jet structure with
multiple one-directional components emerging at different
resolutions, possibly due to relativistic beaming of the jet.
Some examples include NGC 5322.
• triple-source, marked as C (8 galaxies): Triple-sources
have three aligned components. These components are in-
terpreted as the radio core and adjacent jets/lobes. These
sources may appear as twin-symmetric jets in the lower
resolution images. Some examples include NGC 4036 and
NGC 4589.
• double-lobed, marked as D (0 galaxies): these sources
have two large radio lobes over extended scales in either
the full or low resolution images (see NGC 5005 from Pa-
per I). A possible overlap with C-type morphologies in case
of triple source with two weak unresolved radio lobes (see
NGC 3348).
• jet+complex, marked as E (6 galaxies): these sources
show a complicated radio morphology with several compo-
nents dispersed around a core. They could hide a possi-
ble jet interacting with the interstellar medium (ISM) or
be an extended star-forming region. Some examples include
NGC 1186 and NGC 2964.
To further discriminate the radio sample, the radio
sources which show ‘jet-like’ morphologies (e.g. one-sided,
two-sided, triple, double-lobed sources) are hereafter named
‘jetted’ and those without a clear jet, ‘non-jetted’. Note that
the radio classification can be equivocal because of the low-
brightness of the radio structures.
4.3 Unidentified sources: background sources,
M 82 and Arp 299
Fifteen sources (12 galaxies and 3 radio sources appeared
in three core-identified galaxies) are considered as ‘uniden-
tified’. The online supplementary data include the full and
low-resolution maps for these ‘unidentified’ sources (for ra-
dio contours and restoring beam see Table 4) and their radio
source parameters are listed in Table 3.
Seven objects show off-nuclear radio sources further
than 4 arcsec from the optical centre and as far away as
∼38 arcsec, but still falling within the extent of the optical
galaxy. The morphology varies from multiple compact com-
ponents, double/triple sources, to a single unresolved com-
ponent on a typical scale of a few arcseconds with low flux
densities (<1 mJy beam−1). The nature of this off-nuclear
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emission is ambiguous, whether related to star-forming re-
gions or background AGN. Using the same approach as in
Section 4.2, it is possible to estimate the likelihood of ra-
dio sources falling within 4 arcsec and 38 arcsec radii (the
offsets measured above) and hence consider whether they
are likely related to the nuclear core. The expected num-
ber of unrelated sources detected within those radii are 3.8
and 65.2 respectively, suggesting that the off-nuclear sources
are potentially background objects. However, we cannot rule
out the possibility that those off-nuclear sources nonetheless
belong to the galaxy concerned.
Five galaxies show several components in the nuclear
region (<4 arcsec) and it is therefore difficult to pinpoint
unequivocally the core (NGC 2750, NGC 3034, NGC 3690,
NGC4631 and NGC 5012). The low resolution maps of
NGC 2750, NGC4631 and NGC 5012 reveal a few compo-
nents near the optical centre. The cases of NGC 3034 and
NGC 3690 deserve more attention and are presented below.
NGC 3034 (M 82) is a dusty star forming galaxy which
lacks clear evidence of an active nucleus so far. We detect
a mix of SNe, SNRs, and Hii regions, which have been pre-
viously identified by (e-)MERLIN (e.g. Muxlow et al. 1994;
Beswick et al. 2006; Fenech et al. 2008, 2010; Muxlow et al.
2010; Gendre et al. 2013; Varenius et al. 2015 and references
therein). Amongst the stellar remnants we find SN 2008iz
which is the brightest source in the LeMMINGs images
of M 82 and has a peak luminosity of ∼60 mJy at 1.5
GHz (epoch 19 April 2017). This bright radio source has
been interpreted as synchrotron emission due to an ex-
panding SN shock which encounters clumpy dense medium
(Brunthaler et al. 2010; Kimani et al. 2016). One of the in-
teresting sources detected in the e-MERLIN map of M 82 is
also 41.95+575, which has a double-lobed structure at VLBI
resolution and has been decreasing by ∼8 per cent per year
for the last 5 decades. Hence, 41.95+575 may be a rem-
nant of a Gamma Ray Burst instead of a conventional SNR
(Muxlow et al. 2005). Several faint sources (< a few sub-
mJy) detected in previous radio observations are missing
from our map due to low sensitivity and resolution, such as
X-ray Binaries (XRB) and, in particular, a transient discov-
ered by Muxlow et al. (2010) at RA 09h55m52.5083s, Dec.
+69◦40′′45.′′410 (J2000).
NGC 3690, an interacting system also known as
Arp 299 (or Mrk 171), is an interesting case, composed of
two galaxies: the eastern, brightest member NGC 3690A,
and the western member NGC 3690B. We use the names
Arp 299-A and Arp 299-B to refer to NGC 3690A and
NGC 3690B, respectively, in agreement with the nomencla-
ture used in Fig. 1 from Romero-Cañizales et al. 2011. In
our e-MERLIN maps we detected three sources, which cor-
respond to i) Arp 299-A, ii) rp 299-B, and iii) Arp 299-C
which could be a satellite galaxy taking part in the merger
event or a vigorous off-nuclear star-forming region related to
the merging system (Tarchi et al. 2011). These sources have
been confirmed and largely studied by previous continuum
and spectroscopic radio, infrared and X-ray observa-
tions (see Alonso-Herrero et al. 2000; Pérez-Torres et al.
2009; Tarchi et al. 2011; Romero-Cañizales et al.
2011; Bondi et al. 2012; Romero-Cañizales et al. 2014;
Kankare et al. 2014; Anastasopoulou et al. 2016 and
references therein). Specifically, Arp299-A was resolved
into several components with VLBI: an extremely pro-
lific SN factory (Neff et al. 2004; Pérez-Torres et al. 2009;
Ulvestad 2009), and a LLAGN (Pérez-Torres et al. 2010). In
addition, Arp 299-B has been resolved into two main com-
ponents: B1, which includes another SN factory, although
less extreme than the one in Arp-299A (Ulvestad 2009;
Romero-Cañizales et al. 2011; Sliwa et al. 2012), an AGN
( detected in hard X-rays, Ptak et al. 2015) and a bright
transient source (Arp299-B AT1; Mattila et al. 2018); and
B2 (Neff et al. 2004; Alonso-Herrero et al. 2000), a weaker
component with no reported compact radio sources in it.
Subsequent VLBI and infrared observations of the transient
AT1 in the nucleus of Arp 299-B, showed an increase in
luminosity over several years, which was later identified
with a jetted tidal disruption event (TDE; Mattila et al.
2018 and references therein). We have not resolved the
nucleus of Arp 299-B into its compact components, but
we clearly detect it with a flux density of 14.1 mJy (on
18 April 2017), so it is likely that we have detected the
late time radio emission of AT1 at 1.5 GHz, together
with the quiescent emission of its host Arp 299-B. Two
of the several well-known SNe present in this system,
SN 2010O and SN 2010P (Romero-Cañizales et al. 2011,
2014; Kankare et al. 2014) are not detected in our map
with a flux density upper limit of <0.6 mJy beam−1. The
current and past observations of NGC 3690 appear to
confirm that both starburst and AGN can co-exist in this
merging system, as pointed out by, e.g., Pérez-Torres et al.
(2010) and Romero-Cañizales et al. (2011).
In conclusion, it is worth mentioning that the source
confusion level is high in NGC 3690 as well as in M 82
(and probably in other sources of our sample) even at the
e-MERLIN resolution, where both stellar and SMBH pro-
cesses are probably embedded in dusty regions and difficult
to disentangle within a few tens of parsec at the centre of a
(obscured) galaxy.
Three galaxies (NGC 2832, NGC 3077 and NGC 4111)
which have been core-identified, show additional radio
sources in the field. For example the radio map of
NGC 2832 reveals the radio core component of its compan-
ion NGC 2831. The off-nuclear radio source in NGC 3077 is a
potential SNR (Rosa-González 2005; Leonidaki et al. 2010).
Most of the LeMMINGs sample (99/177) have not been
detected. The vast majority of our undetected sources were
also not detected by previous VLA campaigns (Nagar et al.
2002, 2005). However, there are some galaxies for which e-
MERLIN have not detected any core, which instead was
detected by the VLA (i.e. NGC 3780) and viceversa (i.e.
NGC 6340) in different radio observation frequencies (1 – 15
GHz) and epochs.
It is important to note that undetected as well as
‘unidentified’ galaxies, may still conceal an AGN. Indeed,
radio-emitting active SMBHs may be below the detection
limit of the LeMMINGs survey or not identified in the more
complex structures listed above (see for example the cases
of M 82 and Arp 299). Radio core variability on a time
scale of a few years, episodic accretion onto the BH and nu-
clear inactivity expected within a typical duty cycle of .108
years could also account for their current none detection (e.g.
Mundell et al. 2009; Morganti 2017; Alexander et al. 2020).
Future e-MERLIN 5 GHz observations of the LeMMINGs
targets with higher resolution and sensitivity will be able to
D
ow
nloaded from
 https://academ
ic.oup.com
/m
nras/advance-article/doi/10.1093/m
nras/staa3519/5986635 by U
niversity of C
entral Lancashire user on 26 N
ovem
ber 2020
O
R
IG
IN
A
L
 U
N
E
D
IT
E
D
 M
A
N
U
S
C
R
IP
T
LeMMINGs. II. Second data release. 13
0 10 20 30 40 50 60 70 80 90 100 110
Distance (Mpc)
32
33
34
35
36
37
38
39
40
lo
g 
L C
or
e (
er
g/
s)
Figure 5. Radio core flux density (Fcore in mJy beam−1, upper
panel) and its luminosity (Lcore, integrated over the e-MERLIN
L-band, 1.244 – 1.756 GHz, in erg s−1, lower panel) as a function
of distance (Mpc) for the full sample. The dashed lines represents
the 3σ flux density limit of this survey (0.25 mJy beam−1) and
the corresponding luminosity, respectively in the upper and lower
panels. The symbols in the legend indicate the status of their
detection (open circles for undetected and filled stars for detected)
and their optical class (red Seyferts, light blue LINERs, yellow Hii
galaxies and green ALGs). For the unidentified (blue left-pointing
triangles) and undetected radio sources, the values on the y-axis
should be understood as upper limits. The typical error bar on
flux densities and luminosities is 20 per cent of the values. To
convert the radio luminosities from erg s−1 to W Hz−1 at 1.5
GHz, an amount +16.18 should be subtracted from the logarithm
of the luminosities presented in the graph.
possibly pinpoint the core with higher accuracy than L-band
data.
5 THE COMPLETE LEMMINGS LEGACY
SURVEY
In the following we present the radio flux and luminosity dis-
tributions, radio morphology and brightness temperatures
for the full sample of LeMMINGs galaxies combining the
first data release (Paper I) with the observations presented
in this work. The detailed scientific results for the full LeM-
MINGs sample and for each optical class will be reported in
forthcoming papers.
In the entire Legacy survey e-MERLIN detected radio
emission in 125 targets (typically < a few mJy) at scales of
a few tens of parsecs in a statistically-complete sample of
280 nearby galaxies (∼44.6 per cent)11. The 3σ flux density
limit of this survey is ∼0.25 mJy beam−1 and the range
of detected peak flux densities Fcore covers three order of
magnitudes from a fraction of a mJy to a few Jy beam−1.
The galaxies are detected out to ∼100 Mpc (Fig. 5, upper
panel), but the fraction of radio detections increases with the
distance to the targets, with only ∼20 per cent of galaxies
nearer than ∼20 Mpc (the median distance of the sample)
being detected but ∼40 per cent within 50 Mpc. The core
luminosity (Fcore integrated over the e-MERLIN L-band,
1.244 – 1.756 GHz) Lcore vs. distance plot of the LeMMINGs
program is presented in Fig. 5 (lower panel). The identified
sources lie above the black dotted curve which corresponds
to the detection threshold as shown in the top panel of Fig. 5,
while the undetected and unidentified sources straddle the
curve.
The core luminosities12 range between ∼1033.8 to 1040
erg s−1 (∼1017.6 - 1023.8 W Hz−1), or down to 1032 erg s−1
when including our upper limits for the non-detected cores.
A Kaplan-Meier (censored) mean value (Kaplan & Meier
1958) of 1.5×1034 erg s−1 is found. The radio luminosi-
ties of the 177 galaxies presented in this work (Table 1)
are similar to those of the 103 galaxies from Paper I. Com-
pared to previous surveys of the Palomar surveys, the LeM-
MINGs legacy presents the deepest survey, by extending
to lower luminosities by a factor of at least 10 with re-
spect to previous ones (Nagar et al. 2002; Filho et al. 2006;
Panessa & Giroletti 2013). It reaches a depth similar to the
15-GHz Palomar survey by Saikia et al. (2018) but our work
is on a larger sample of active and inactive galaxies and at
lower frequencies. Our legacy program is sensitive to sources
about a factor of 100 times more luminous than Sgr A* (∼1
Jy, ∼1015.5 W Hz−1, Krichbaum et al. 1998), and represents
the deepest radio survey of the local Universe at 1.5 GHz.
Table 5 summarises the number of core-identified galax-
ies, core-unidentified sources, and undetected sources, listed
by optical classes. Seyferts have the highest detection rate
(13/18, ∼72.2 per cent) in the sample, a more robust num-
ber than that measured in the first data release because of
the poor coverage of this class (only 4 Seyferts in Paper I).
This fraction is similar to the radio detection rate measured
in type-1 Seyferts (72 per cent) from previous VLA studies
(Ho 2008). LINERs have the largest number of detections,
58/94, ∼61.7 per cent, a rate that is comparable to what
was achieved in Paper I and similar to what was obtained
11 NGC 147 was classified as ‘identified’ in Paper I, but a more
careful analysis of its HST position indicates that the radio de-
tection lies at (> 2 arcsec) from the optical nucleus. Therefore its
updated classification is ‘unidentified’.
12 The radio luminosities have been presented in units of erg s−1.
To convert the radio luminosities from erg s−1 to monochromatic
luminosities (W Hz−1) at 1.5 GHz, an amount +16.18 should be
subtracted from the logarithm of the luminosities.
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Table 5. Spectral–radio morphological classification breakdown of the LeMMINGs sample.
optical class
radio class LINER ALG Seyfert Hii Tot
co
re
id
en
ti
fi
ed core/core–jet (A) 37 (29) 3 (0) 6 (6) 18 (14) 64 (49)
one-sided jet (B) 2 (2) 0 (0) 1 (1) 2 (0) 5 (3)
triple (C) 13 (4) 2 (1) 3 (2) 4 (1) 22 (8)
doubled-lobed (D) 3 (0) 0 (0) 1 (0) 0 (0) 4 (0)
jet+complex (E) 1 (0) 0 (0) 1 (0) 9 (6) 11 (6)
Tot core-identified 56 (35) 5 (1) 12 (9) 33 (21) 106 (66)
unidentified 2 (1) 2 (1) 1 (0) 14 (10) 19 (12)
Tot detected 58(36) 7(2) 13(9) 47(31) 125(78)
undetected 36 (24) 21 (12) 5 (5) 93 (58) 155 (99)
Tot 94 (60) 28 (14) 18 (14) 140 (89) 280 (177)
Notes. The sample is divided into morphological radio (core/core-jet, one-sided jet, triple, double-lobed source, and complex source)
and spectroscopic optical classes (LINER, ALG, Seyfert, Hii galaxies) based on their radio detection, core-identification or
non-detection. The numbers are related to the total LeMMINGs sample (280 objects), whilst the numbers in parenthesis are related to
the sub-sample of 177 galaxies reported here.
in previous VLA studies for type-1 LINERs, 63 per cent,
(Ho 2008). However we note that our radio detection rates
relative to type-II AGN are higher than what measured in
previous VLA studies (Ho 2008). Hii galaxies have a smaller
detection rate, 47/140 (∼33.6 per cent) and for ALG the
detection rate is even lower, at 7/28 (25 per cent). Over-
all 106/280, or ∼37.9 per cent of the detected sources are
core-identified; 19 detected sources (two ALG, one Seyfert,
two LINERs and fourteen Hii galaxies) are unidentified. The
final identified radio core fractions are therefore: LINERs
56/94 (∼59.6 per cent), Seyferts 12/18 (∼66.7 per cent),
ALGs 5/28 (∼17.9 per cent) and Hii galaxies 33/140 (∼23.6
per cent).
The LeMMINGs sample covers all radio morphological
types across all of the optical classes (see Table 5). Further-
more, the radio classes which suggest the presence of a ra-
dio jet (B, C and D), enclose all the optical classes. LINERs
exhibit a variety of morphologies, but are most commonly
observed as core/core–jet and triple structures, similar to
the ALGs. Seyferts cover the whole variety of morphologies,
but with the highest fraction of extended jetted structures
among the classes. In contrast, the Hii galaxies show pri-
marily compact cores or extended complex structures.
Although Hii galaxies are classified as star forming
based on their location on the BPT diagrams, the presence
of a jet is not precluded in these sources. In fact, there are
seven LeMMINGs Hii galaxies that show clear ’jet-like’ mor-
phologies, we refer to them as jetted Hii galaxies13. One
of these sources is NGC 3665 which exhibits a Fanaroff-
Riley type-I (FR I) radio morphology extended over ∼3
kpc at the VLA scale (Parma et al. 1986). NGC 3504 ap-
pears extended in VLBI maps with a core of 3 mJy beam−1
(Deller & Middelberg 2014). NGC 7798 shows only a bright
core (∼6 mJy) at 8.5 GHz with the VLA (Schmitt et al.
2006). NGC 2782 shows an extended radio source which
matches a previous e-MERLIN observation with an elon-
gated core (a peak flux density of 1.4 mJy beam−1, lower
than our detected value 2.5 mJy beam−1), resolved in a twin-
jet morphology by EVN observations (peak flux density of
13 The jetted Hii galaxies are NGC 972, NGC 3665, UGC 3828,
NGC 7798, UGC 4028, NGC 2782, and NGC 3504.
0.4 mJy beam−1, Krips et al. 2007). The radio emission for
the remaining non-jetted Hii galaxies is more probably re-
lated to SF instead of a jet (single cores or complex mor-
phologies).
The brightness temperature (TB) is the temperature
needed for a black-body (thermal) radiator to produce the
same specific intensity as the observed point source. In as-
trophysical phenomena, below 105 K, the radio emission can
be explained by a large contribution from free-free emis-
sion (Condon et al. 1991) but above 106 K synchrotron
emission from relativistic particles (e.g. from jets or AGN)
is required to explain such high brightness temperatures
(Condon 1992). Using half the beam width at the e-MERLIN
resolution at 1.5 GHz as the deconvolved size of the cores
(see Table 1), a flux density of &5 mJy beam−1 corresponds
to a TB &106 K (Paper I). Twenty-one LeMMINGs galaxies
meet this requirement and are associated with all types of ra-
dio morphologies observed and are for the majority LINERs.
The brightness temperatures broadly reflect the flux density
distribution. However, TB lower than 10
6K do not preclude
an SMBH origin of the radio emission, as weak LLAGN emit
low brightness. VLBI observations are required to give a ro-
bust measurement of cores’ brightness temperatures.
The luminosity distributions for the LeMMINGs sam-
ple are presented in Figure 6: both the peak radio core lumi-
nosities and the total luminosities (LTot) integrated over the
radio-emitting region, split by optical class (upper panel)
and host type (lower panel). The detected cores have a
mean (uncensored) luminosity of 1036.10±0.11 erg s−1. In
general, LINERs are among the most luminous sources of
the sample, with a censored mean value of 1.8×1035±0.24
erg s−1. Seyferts show the largest mean core luminosity
(2.6×1035±0.26 erg s−1). In contrast, the ALG and Hii
galaxies have the lowest censored mean core powers, at
5.0×1034±0.30 and 3.1×1034±0.17 erg s−1, respectively. Yet,
when detected ALGs show the highest core luminosities,
>1036 erg s−1. The undetected/unidentified galaxies have
upper-limit radio luminosities between 1032 to 1037 erg s−1,
with a median radio luminosity of 9.06×1034±0.07 erg s−1.
The different median luminosities of the optical classes are
not due to different sensitivities or distances because the
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Figure 6. Radio luminosity distribution (erg s−1) divided per
optical class (upper figure) and host morphological type (lower
figure). The radio core luminosity and the total radio luminosity
distributions are outlined by the solid-line and the dashed-line
histograms, respectively. The bottom panel of the upper figure
depicts the 3σ upper-limit radio luminosity distribution for the
undetected and unidentified sources. The filled histogram repre-
sents the 177 sources presented in this work. To convert the radio
luminosities from erg s−1 to W Hz−1 at 1.5 GHz, an amount
+16.18 should be subtracted from the logarithm of the luminosi-
ties presented in the graph.
Table 6. Spectral–host-radio classification breakdown of the
LeMMINGs sample.
optical class
host type LINER ALG Seyfert Hii Tot
elliptical 14 (11) 13 (3) 0 (0) 0 (0) 27 (14)
lenticular 29 (21) 14 (2) 6 (3) 6 (2) 55 (28)
Tot ETG 43 (32) 27 (5) 6 (3) 6 (2) 82 (42)
spirals 50 (23) 1 (0) 12 (9) 122 (29) 185 (61)
irregular 1 (1) 0 (0) 0 (0) 12 (2) 13 (3)
Tot LTG 51 (24) 1 (0) 12 (9) 134 (31) 198 (64)
Tot 94 (56) 28 (5) 18 (12) 140 (33) 280 (106)
Notes. The sample is divided into galaxy types (elliptical and
lenticular [ETG], spiral and irregular [LTG]) and spectroscopic
optical classes (LINER, ALG, Seyfert, Hii galaxies) based on
their radio detection. The numbers in parenthesis are related to
the sub-sample of 106 core-identified galaxies.
sources are randomly distributed in the space volume of the
survey and observed in similar conditions.
In analogy to the core luminosities, the total luminosi-
ties estimated from the low-resolution radio images for the
177 galaxies described in this work (Table 1) are compara-
ble with the values obtained from the first sub-sample from
Paper I (Fig. 6): the median value is 4×1036 erg s−1. The
total luminosities equal the core luminosities in case of an
unresolved core or can be larger up to a factor 100 in case of
bright extended emission (see Table 1). LINERs and Seyferts
are once again the most powerful radio sources and the Hii
galaxies are the weakest. The core dominance, defined as
the ratio of the radio core power to the total flux density
changes with each class, but has a large variance: LINERs
and ALGs are the most core dominated (∼75 per cent), fol-
lowed by Seyferts with moderate core dominance (∼40 per
cent), whereas the Hii galaxies have the smallest core dom-
inance (∼35 per cent) (Figure 6, upper panel). On average
the radio core contributes half of the total radio emission.
In terms of the host morphological classes (see Table 6),
although spiral galaxies are the most abundant host type in
the LeMMINGs sample (185/280, ∼66 per cent), approxi-
mately 33 per cent of spiral galaxies are core-detected and
are associated with all types of radio morphology. Detected
spirals host Seyfert, LINERs and Hii galaxies in decreasing
order of radio fraction. Of the 13 irregular galaxies in our
sample, three are core-detected in our radio survey and host
LINER or Hii galaxies. Conversely, ellipticals and lenticu-
lars are the most detected radio sources (∼51 per cent) and
are usually associated with the jetted radio morphologies.
LINERs in ETGs have the highest core detection fraction.
In summary, approximately one third of LTGs (spiral and
irregular) and half of the ETGs (elliptical and lenticular) are
detected in our survey. In terms of radio luminosities, Fig-
ure 6, lower panel, depicts the radio luminosity distribution
per host type. Ellipticals and lenticulars show the highest
radio luminosities (∼1035−40 erg s−1). Spiral galaxies have
intermediate radio luminosities of ∼1036 erg s−1. The irreg-
ular galaxies have the lowest core and total luminosities.
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6 DISCUSSION
6.1 CASA versus AIPS
In this work we present the e-MERLIN observations of 177
Palomar galaxies from the LeMMINGs survey. The data
were calibrated with CASA which is different from the
103 sources presented in Paper I which were analysed with
AIPS. The rms noise distribution of the resulting maps pre-
sented here is not statistically different from the values ob-
tained with AIPS. However, for a single observation block
calibrated with both software packages, the rms noise from
CASA is lower than that from AIPS whereas the integrated
flux densities obtained from the maps are consistent with
each other to within a 20 per cent calibration error. More-
over, we note marginal differences in terms of low-brightness
structures between the maps created with AIPS and CASA
procedures, with the latter exhibiting neater radio structures
than the former. This implies that caution is required when
interpreting faint radio sources.
A potential difference in rms noise between the two cali-
bration techniques could skew the 3σ detection limit so as to
have more galaxies detected in the CASA sample. However,
this can not be reconciled with the slightly higher detection
fraction of galaxies mapped with AIPS (45.6 per cent) than
in this work where we used CASA (44.6 per cent). How-
ever, if one considers these detection statistics as a binomial
distribution, the detection fractions of the two sub-samples
presented in Paper I and here are consistent with one an-
other within .1 per cent. In conclusion, the two calibration
methods produce generally consistent flux densities and ra-
dio structures, which minimise a possible bias in the results.
6.2 General characteristics of the survey
The LeMMINGs survey stands for the deepest radio study of
the local Universe represented by the Palomar galaxy sam-
ple, reaching an average rms noise of ∼0.8 mJy beam−1.
More importantly, the LeMMINGs sample probes pc-scale
activity in all types of galaxies, irrespective of the nuclear
properties set by their optical emission line ratios. This char-
acteristic makes the LeMMINGs survey unbiased towards
the presence of an active SMBH and different from previ-
ous programs which partially focused only on Seyferts and
LINERs.
Of the complete sample of 280 Palomar galaxies, 125
sources (∼44.6 per cent) were detected. This corresponds to
a detection rate similar to previous VLA/VLBA campaigns
of the Palomar active galaxies (see Ho 2008 for a review). For
106/280 (∼37.9 per cent) of the sample, radio emission has
been detected within the central 1.2 arcsec from the galax-
ies’ optical centre, possibly due to a radio-emitting active
nucleus.
Direct comparison with previous radio studies is non-
trivial since it was decided to reclassify all galaxies based
on the updated BPT diagrams. Nonetheless, more than half
of the LINERs and Seyferts, i.e. of the line-emitting active
galaxies, in our sample show compact radio core or jetted
structures. Previous VLA campaigns targeting active galax-
ies detected radio emission in half of them (e.g. Nagar et al.
2000), with a more prominent detection fraction for Seyferts
and type-I AGN in general. One quarter of the detected
sources which are not identified as powered by active SMBH
by their emission-line ratios show evident jetted structures
(one-side, twin jets, triple and double sources), excluding
those with complex morphology. This corroborates the idea
that at least one fourth (∼28.6 per cent) of the Palomar
galaxies emit pc-scale radio emission possibly related to a
LLAGN. If we include those sources with a intricate ra-
dio morphology which could hide jet emission, and also the
core-jet Hii galaxies, the possible fraction of radio-emitting
LLAGN rises to one third (∼32.5 per cent).
The most common radio morphology observed in the
LeMMINGs galaxies with centrally detected radio emissions
is the core/core–jet morphology (64/106). This is unsurpris-
ing as the high-resolution of e-MERLIN can resolve out some
of the diffuse emission associated with jets and star-forming
regions. The nature of these unresolved radio components,
whether an unresolved radio jet base or a star-forming nu-
clear region on scales of <100 pc, can be explored by using
further diagnostics such as [O III] and X-ray luminosities
when clear jet-like structures lack. We will discuss the radio
core origin per optical class in upcoming papers.
Half of the early-type galaxies (elliptical and lenticu-
lar) in the LeMMINGs sample host a radio source coinci-
dent with the optical centre, that is determined to be an
active SMBH. Regarding late-type galaxies (spirals and ir-
regulars) ∼32 per cent has a radio-emitting central active
SMBH. Quantitatively, the detection fraction decreases with
later Hubble type, as only ∼17 per cent of Sc–Sd galaxies
are detected. Hence, the LeMMINGs survey agrees with the
basic results of previous radio studies of the nearby galax-
ies (Ho & Ulvestad 2001; Ulvestad & Ho 2001a; Nagar et al.
2005; Ho 2008), which detected flat-spectrum radio cores
predominantly at the centre of massive (typically early-
type) galaxies (Sadler et al. 1989; Wrobel & Heeschen 1991;
Capetti et al. 2009; Miller et al. 2009; Nyland et al. 2016).
6.3 Radio evidence of nuclear star formation
In our Legacy survey only a small number of galaxies
show evidence of intense bursts of SF, based on the ra-
dio properties. The clearest examples are the well-known
galaxies/systems M 82 and Arp 299. Only three sources
(NGC 4013, NGC 4102, and NGC 5273) clearly exhibit dif-
fuse low-brightness radio emission, consistent with a stel-
lar disc or ring, similar to what is expected from dif-
fuse extended star forming galaxies (Muxlow et al. 2010;
Murphy et al. 2018; Herrero-Illana et al. 2017). Single radio
components were detected at the centre of most of Hii galax-
ies. We note that complex radio morphologies, unidentified
off-nuclear sources and non-jetted galaxies might conceal nu-
clear star-forming regions, though. Furthermore, ambiguous
morphologies (see e.g. NGC 2964, NGC 2273, NGC 2639)
might be caused by the interaction of a jet with a dense
ISM, which in turn could trigger SF (Silk 2005; Gaibler et al.
2012).
The very low fraction of clear star forming regions ob-
served in our survey is most probably due to the sparse
u− v coverage of the observations because of the long base-
lines of e-MERLIN and of the snapshot imaging technique
of our program. For most of the sample, which is further
than ∼4 Mpc, the spatial frequencies covered by e-MERLIN
are appropriate to detect compact bright young SN/SNR
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and Hii regions (< 400–500 yr, Westcott et al. 2017) and
are not suited for detecting diffuse, low-brightness radio
emission (TB <10
5 K), typical of old SNR. At distances
.4 Mpc, VLA data are required to study long-lived diffuse
Hii complexes, which instead would be resolved out with
e-MERLIN. We have estimated that our e-MERLIN obser-
vations can lose up to 75 per cent of the radio structures
detected with VLA with 1-arcsec resolution. In fact, adding
shorter spacing (VLA) data to e-MERLIN visibilities will
thus increase the ability to detect more diffuse lower surface
brightness emission from SF products. Dedicated deep e-
MERLIN radio observations combined with shorter-baseline
datasets of compact star forming regions, similar to that per-
formed on M 82 (Wills et al. 1999; Muxlow et al. 2010) has
the potential to diagnose the nature of the radio emission in
Hii galaxies. This will be the goal of one of our future works.
7 SUMMARY AND CONCLUSIONS
This paper present the second data release from the e-
MERLIN legacy survey, LeMMINGs, aimed at studying a
sample of nearby 280 (active and quiescent) galaxies. Here
we show the observations of 177 sources from the Palomar
sample (Ho et al. 1997) at 1.5 GHz. By combining this re-
lease with the first one (Baldi et al. 2018), the complete sur-
vey represents the deepest, least unbiased view of the galac-
tic nuclei of the local Universe (<110 Mpc) in the radio band,
reaching a sensitivity of ∼0.80 mJy beam−1 and an angu-
lar resolution of ∼150 mas, which corresponds to a physical
scale of .100 pc. This program revealed a large popula-
tion of local radio-emitting LLAGN and nuclear starbursts
(.1017.6 W Hz−1).
After updating the optical spectroscopic classifications
of the 280 galaxies of the survey, the entire sample consists
of 94 LINERs, 18 Seyferts, 140 Hii galaxies and 26 ALG.
Our radio survey has detected significant radio emis-
sion with flux densities &0.25 mJy in the innermost region
(0.73 arcmin2) of 125 galaxies (44.6 per cent): 58/94 LIN-
ERs, 16/18 Seyferts, 47/140 Hii galaxies and 7/28 ALGs.
For 106 of the 125 detected sources we identified the core
within the radio structure, spatially associated with the op-
tical galaxy centre. We resolved parsec-scale radio structures
with a broad variety of morphologies: core/coreâĂŞjet, one-
sided jet, triple sources, twin jets, double-lobed, and com-
plex shapes with sizes of 3 – 6600 pc. The compact cores
(64/106) are the most common morphology. There are 31
sources with clear jets, roughly half (18/31) of which are
LINERs. This jet fraction could be higher because the com-
plex morphologies (11/106) could possibly hide diffuse jets
interacting with the ISM, similar to what is seen in nearby
LLAGN and star forming galaxies (e.g. Mould et al. 2000;
Croft et al. 2006; Gaibler et al. 2012).
The detected radio cores have been interpreted as a
sign of nuclear activity and their luminosities range between
∼1034 and 1040 erg s−1. The lower end of this interval ex-
plicits the depth of this survey, greater than that reached
by previous radio surveys, ∼1035 erg s−1 (Nagar et al. 2005;
Filho et al. 2006). The total radio luminosities determined
by integrating the extended radio structures are on average
double the core radio luminosities, although they can be up
to a factor of 100 times the core luminosity for jetted sources
and those with complex morphologies.
Concerning the host type, approximately half of the
early-type galaxies and one third of the late-type galaxies
are detected in our survey. The jetted sources are typically
related to elliptical, lenticulars or bulged-dominated spirals.
Based only on the radio properties (brightness tempera-
tures, luminosities, morphologies) and spectroscopic classifi-
cation, the origin of the radio emission from the LeMMINGs
galaxies is probably ascribed to active SMBHs in one third
of the sample, precisely in the generic population of LINER
and Seyferts. Conversely, SF is the most plausible physi-
cal process of radio-emission production in Hii galaxies. For
ALG the nature of the radio emission is more controversial,
but the lack of clear SF favours an AGN origin. Nonethe-
less, adding multi-band data to the radio analysis will better
address the question on the nature of the radio emission in
each single galaxy and will be subject of upcoming papers.
LINERs reveal narrow structures of rapidly declining
brightness at increasing distance from the nucleus, i.e. core-
brightened morphology, similar to small FR I radio galaxies.
They have the highest brightness temperatures (some >106
K) and are among the most luminous galaxies, suggesting a
synchrotron emission from a (mildly?) relativistic jet. They
tend to live in ellipticals and lenticulars, another analogy
with classical radio-loud AGN (Heckman & Best 2014).
Seyferts exhibit the highest fraction of detections and
double-lobed radio outflows, echoing the ’edge-brightened’
morphology observed in nearby radio-quiet Seyferts (e.g.
Kukula et al. 1995; Wrobel 2000). Along with LINERs,
they are among the most luminous sources of the sam-
ple and are found in both galaxy types but more fre-
quently in late types. Similar to the conclusion in Pa-
per I regarding Seyferts, their symmetric (two-sided) ra-
dio morphology and their association with spirals recall the
‘spin paradigm’ (Wilson & Colbert 1995; Sikora et al. 2007;
Tchekhovskoy et al. 2010; Dotti et al. 2013) which suggests
that SMBH in spiral/disc galaxies may host (on average)
lower-spinning SMBHs than those in giant elliptical galax-
ies. This argument has been interpreted as one of the pos-
sible conditions which prevents from launching faster jets
in late-type galaxies than in early-type galaxies, although
largely under debate.
We typically detected the cores of Hii galaxies, with
brightness temperature <106 K and with sub-kpc sizes,
probably representing nuclear starburst as similar to local
star-forming galaxies (e.g. Herrero-Illana et al. 2017). Al-
though this class encompasses the least luminous objects, a
small sub-group of seven Hii galaxies is associated with core-
brightened jetted structures similar to jets seen in LINERs.
This association suggests the presence of an active SMBH,
optically outshined by the nuclear SF, but able to support
the launch of a jet. These star forming galaxies with ac-
tive nuclei are still consistent with the picture of LLAGN
(Nagar et al. 2001; Ulvestad & Ho 2001b). In addition, Hii
galaxies have the highest fraction of complex morphologies
and multiple components (see M 82 and Arp 299), plausibly
related to diffuse SF and SN factories.
Only 7 out of 28 ALGs have been detected and only 2
reveal clear jets. They are typically associated with massive
ellipticals and when detected, they are the most luminous
sources. Their radio and host properties are similar to those
of the LINER population (Baldi & Capetti 2010). The ab-
sence of a clear emission-line nucleus and their low radio ac-
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tivity chime with a picture of a population of evolved galax-
ies with dormant SMBHs which occasionally trigger AGN
activity (Morganti 2017).
The nuclear components revealed by our e-MERLIN
survey suggest that the detected pc-scale radio cores, which
unlike in previous radio surveys could now be resolved, rep-
resent the brightest and main parts of the entire galaxy. In
one third of the nuclei the emission can plausibly be as-
cribed to a central, active SMBH in a low-accretion stage
and/or to a disc emitting at low-radiative efficiency, as ex-
pected in LLAGN able to launch pc-scale jets (Ho 2008;
Mezcua & Prieto 2014). However, it is clear that sub-mJy
radio cores can conceal both strong SF and an active, low-
brightness SMBH (Padovani 2016), even in a flaring or dim-
ming stage of accretion, such as in the case of a TDE, as
observed in our target NGC 3690 (Arp 299, Mattila et al.
2018). Therefore, by eventually disentangling SF and SMBH
activity and assessing the origin of the radio emission at the
centre of our galaxies, the next LeMMINGs papers will make
use of the optical and X-ray data along with our radio ob-
servations to address the following astrophysical open issues:
the disc-jet connection in LLAGN (Merloni et al. 2003), the
contribution from SF (stellar processes and XRBs) in the
GHz band and possible core variability due to transient phe-
nomena (Mundell et al. 2009; Alexander et al. 2020).
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Högbom J. A., 1974, A&AS, 15, 417
Hummel E., Fanti C., Parma P., Schilizzi R. T., 1982, A&A,
114, 400
Kankare E., et al., 2014, MNRAS, 440, 1052
Kaplan E. L., Meier P., 1958, Journal of the American Statistical
Association, 53, 457
Kauffmann G., Heckman T. M., 2009, MNRAS, 397, 135
Keel W. C., 1983, ApJ, 269, 466
Kennicutt R., 1983, A&A, 120, 219
Kennicutt R. C., 1992, ApJ, 388, 310
Kettenis M., van Langevelde H. J., Reynolds C., Cotton B., 2006,
in Gabriel C., Arviset C., Ponz D., Enrique S., eds, Astronom-
ical Society of the Pacific Conference Series Vol. 351, Astro-
nomical Data Analysis Software and Systems XV. p. 497
Kewley L. J., Groves B., Kauffmann G., Heckman T., 2006,
MNRAS, 372, 961
Kimani N., et al., 2016, A&A, 593, A18
Krichbaum T. P., et al., 1998, A&A, 335, L106
Krips M., et al., 2007, A&A, 464, 553
Kukula M. J., Pedlar A., Baum S. A., O’Dea C. P., 1995, MNRAS,
276, 1262
Laor A., Behar E., 2008, MNRAS, 390, 847
Leonidaki I., Zezas A., Boumis P., 2010, ApJ, 725, 842
Linden S. T., Murphy E. J., Dong D., Momjian E., Kennicutt
R. C. J., Meier D. S., Schinnerer E., Turner J. L., 2020, ApJS,
248, 25
Lira P., Johnson R. A., Lawrence A., Cid Fernandes R., 2007,
MNRAS, 382, 1552
Maoz D., 2007, MNRAS, 377, 1696
Marconi A., Risaliti G., Gilli R., Hunt L. K., Maiolino R., Salvati
M., 2004, MNRAS, 351, 169
Marleau F. R., Clancy D., Habas R., Bianconi M., 2017, A&A,
602, A28
Mattila S., et al., 2018, Science, 361, 482
McMullin J. P., Waters B., Schiebel D., Young W., Golap K.,
2007, in Shaw R. A., Hill F., Bell D. J., eds, Astronomical
Society of the Pacific Conference Series Vol. 376, Astronomical
Data Analysis Software and Systems XVI. p. 127
Menci N., Fiore F., Perola G. C., Cavaliere A., 2004, ApJ, 606, 58
Merloni A., Heinz S., di Matteo T., 2003, MNRAS, 345, 1057
Mezcua M., Prieto M. A., 2014, ApJ, 787, 62
Miller N. A., Hornschemeier A. E., Mobasher B., Bridges T. J.,
Hudson M. J., Marzke R. O., Smith R. J., 2009, AJ, 137, 4450
Morganti R., 2017, Nature Astronomy, 1, 596
Mould J. R., et al., 2000, ApJ, 536, 266
Moustakas J., Kennicutt Jr. R. C., 2006, ApJS, 164, 81
Mundell C. G., Ferruit P., Nagar N., Wilson A. S., 2009, ApJ,
703, 802
Murphy E. J., Dong D., Momjian E., Linden S., Kennicutt R. C.
J., Meier D. S., Schinnerer E., Turner J. L., 2018, ApJS,
234, 24
Muxlow T. W. B., Pedlar A., Wilkinson P. N., Axon D. J., Sanders
E. M., de Bruyn A. G., 1994, MNRAS, 266, 455
Muxlow T. W. B., Pedlar A., Beswick R. J., Argo M. K., O’Brien
T. J., Fenech D., Trotman W., 2005, Mem. Soc. Astron. Ital-
iana, 76, 586
Muxlow T. W. B., et al., 2010, MNRAS, 404, L109
Nagar N. M., Falcke H., Wilson A. S., Ho L. C., 2000, ApJ,
542, 186
Nagar N. M., Wilson A. S., Falcke H., 2001, ApJ, 559, L87
Nagar N. M., Falcke H., Wilson A. S., Ulvestad J. S., 2002, A&A,
392, 53
Nagar N. M., Falcke H., Wilson A. S., 2005, A&A, 435, 521
Neff S. G., Ulvestad J. S., Teng S. H., 2004, ApJ, 611, 186
Nyland K., et al., 2016, MNRAS, 458, 2221
Offringa A. R., van de Gronde J. J., Roerdink J. B. T. M., 2012,
A&A, 539, A95
Padovani P., 2016, A&A Rev., 24, 13
Panessa F., Giroletti M., 2013, MNRAS, 432, 1138
Panessa F., Barcons X., Bassani L., Cappi M., Carrera F. J., Ho
L. C., Pellegrini S., 2007, astro-ph/0701546,
Panessa F., Baldi R. D., Laor A., Padovani P., Behar E., McHardy
I., 2019, Nature Astronomy, 3, 387
Parma P., de Ruiter H. R., Fanti C., Fanti R., 1986, A&AS,
64, 135
Peck L. W., Fenech D. M., 2013, Astronomy and Computing,
2, 54
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de Paris, PSL Research University, CNRS, Univ. Orléans,
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